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ABSTRACT

Investigations of the effect of temperature on infections of salmonid
fish were conducted. Aeromonas salmonicida infection was studied in
chinook salmon and steelhead trout; Aeromonas liquefaciens infection in
chinook and coho salmon. In all cases mortality rates were high at 64 to
69 F; usually moderate at 54 to 59 F; and low or zero at 39 to 49 F,
Progress of the infections was accelerated at higher temperatures, and
retarded at lower temperature levels.

Bacterial kidney disease was studied in coho salmon and steelhead trout.
The temperature range of 44 to 54 F was optimal for the development of
fatal infection, as indicated by mortality rates of 78 to 100%. Higher
temperatures had a suppressing effect, which was marked at 69 F.

Temperatures of 59 to 69 F were optimal for the formation of agglutinating
antibody when juvenile coho salmon were injected with a killed suspension
of A. salmonicida. At lower temperatures less antibody was formed, and

no significant amount was produced at 39 F 60 days after injection of
antigen.

Oral immunization of juvenile coho salmon with a vaccine consisting of
formalin killed Vibrio anguillarum cells incorporated in their diet

protected them against fatal infection when the fish were held at temperatures
from 39 to 69 F during immunization.
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SECTION I
CONCLUSIONS

1. Water temperatures of 59 F and above produce a high percentage of
fatal infections in juvenile coho and spring chinook salmon, and
steelhead trout injected with Aeromonas salmonicida. Even at 49 and 54 F
from 30 to 70% of the fish may succumb to infection.

2. Mortality rates from infection are very low among juvenile coho
and spring chinook salmon and steelhead trout injected with A. salmonicida
and held at temperatures of 39 and 44 F,

3. The mean time to death after injection with A. salmonicida falls
in the range of 2.3 to 3.5 days for juvenile coho and chinook salmon,
and juvenile steelhead trout held at 69 F. This increases progressively
as water temperature decreases, resulting in a range of 18.4 to 20.3
days among these specles at 44 F.

4. The percentage of fatal infections among juvenile coho and chinook
salmon and juvenile steelhead trout injected with Aeromonas liquefaciens
is very high at temperatures of 64 F to 74 F, moderate at 54 and 59 F,
and very low or zero at 39 to 49 F,

5. The mean time to death after injection with A. liquefaciens is

in the range of 1.1 to 1.7 days for juvenile coho and chinook salmon,

and juvenile steelhead trout held at 69 F. At 54 F the infection develops
more slowly, and the average time to death is in the range of 3.1 to

4.7 days.

6. The effect of temperature on the growth rate of A. liquefaciens
in vitro appears to be similar to its effect on the rate of progress
of the infection in fish.

7. When juvenile coho and spring chinook salmon, and steelhead trout
are infected with Flexibacter columnaris by water contact, the percentage
of fatal infections is high at temperatures of 64 to 74 F, moderate

at 59 F, low at 54 F, and approaches zero at 49 F and below.

8. The mean time to death for juvenile coho and chinook salmon and
steelhead trout after exposure to F. columnaris by water contact falls
in the range of 1.7 to 2.5 days at 60 F. At 54 F progress of the disease
is retarded, resulting in a range of 6.7 to 11.0 days.

9. A temperature of 54 F is close to the threshold for development of
fatal infection of salmonids by F. columnaris. All the evidence indicates
that temperatures below 54 F are required for complete suppression of

the disease in salmonid populations that have been exposed to the pathogen.



10. Water temperatures in the range of 44 to 54 F appear to be optimal
for the development of fatal bacterial kidney disease among juvenile
coho salmon and steelhead trout inoculated with the organism. Percent
mortality is high in this range, moderately high at 59 F. A temperature
of 64 F is less favorable for the disease, as indicated by a significant
reduction in mortality, while at 69 F only 8 to 147 of the inoculated
fish develop fatal disease. It is believed these temperatures retard
progress of this infection.

11. Bacterial kidney disease differs from A. salmonicida and A. liquefaciens

and F. columnaris infections in the fact that it is suppressed by a water
temperature of 69 F. It is a slowly progressing infection in juvenile

coho salmon and steelhead trout. The mean time from inoculation until

death may vary from a range of 21.7 to 33.7 days at 59 F to a range of about
61.0 to 71.8 days at 44 F, At 39 F the process is further retarded
resulting in a mean time to death in the range of 87 to 98 days.

12. Agglutinating antibody against A. salmonicida produced in juvenile
coho salmon in response to a single injection of the killed bacteria in
Freund's adjuvant appears to be influenced by the water temperature at
which the fish are held. Temperatures of 59 to 69 F are optimal for
"antibody production, and the highest concentrations of antibody in the
blood are reached about 45 days after antigen injection. At this time
less antibody is produced at 54 F and still less at 49 F. At 39 F no
significant amount of antibody is formed, even after 60 days.

13. The oral administration of a vaccine consisting of formalin killed
Vibrio anguillarum cells incorporated in the Oregon Moist Pellet diet

to juvenile coho salmon protects these fish against fatal vibriosis when
they are exposed to the infection by residence in estuarine waters
containing this pathogen. Immunization appears to be effective when the
fish are held at any temperature from 30 to 69 F during the 15 day period
of vaccine administration. The oral vaccination does not induce the
formation of circulating antibody against the bacterium,




SECTION TII
RECOMMENDATIONS

In an earlier report dealing with the effect of water temperature on
infectious diseases of salmonid fish (1) a major recommendation was advanced
which is restated as follows: Water temperatures in manv rivers of the
Pacific Northwest from May through October are in a range favorable for

the progress of the important infectious diseases of salmonids. During

this period threshold temperatures for these diseases are reached and

a maximum of 70 F is not uncommon. Temperatures favorable to the host
generally occur from November through April. It is, therefore, recommended
that no additional sources of heat should be allowed to enter these

rivers. Added heat during the period from May through October could only
serve to further enhance the severity of these diseases. Increasing water
temperatures from November through April would shorten the perjod when
conditions are most favorable for the host. The experimental evidence
presented in this report confirms and strengthens our original observations
and provides additioral validity to this principal recommendation.



SECTION ITI
INTRODUCTION

The chief objectives of this project were: (a) To determine the effect
of water temperature upon the mortality resulting from the more important
infectious diseases of salmonid fish; and (b) To obtain additional
information concerning the effect of water temperature on antibody
formation and the immune response in salmonid fish.

The diseases which have been studied have included those caused by
Flexibacter columnaris, Aeromonas salmonicida, Aeromonas liquefaciens,
and the organism causing bacterial kidney disease (Corynebacterium sp.).
In an earlier report (1) similar studies of ceratomyxosis and infectious
hematopoietic necrosis were described. Fish species in the experiments
reported here were juvenile coho (Oncorhynchus kisutch) and chinook
salmon (Oncorhynchus tshawytscha) and steelhead trout (Salmo gairdneri).

The general experimental plan consisted of the following: (a) infection
of susceptible fish species by the most appropriate method; (b) subsequent
observation of these fish at one of eight temperatures in flowing pathogen
free water. Eight temperatures from 39 F to 74 F, with 5  increments,

were provided. For each experimental temperature, groups of 50 or more
infected fish have been employed, distributed equally between 2 tanks.
Parallel groups of normal uninfected fish have been held under identical
conditions.,

All experimental fish were observed daily for appearance of symptoms,
lesions, or fatal infections. Dead fish were removed when observed,

and were autopsied and bacteriological cultures prepared from appropriate
organs., Observations were continued until no further deaths occurred.

The effect of the various water temperatures upon each type of infection
was judged by the fraction of the group of fish held at each temperature
that developed fatal infection caused by the specific pathogen, and by
the mean death time for those that succumbed in each group.



SECTION 1V
EQUIPMENT DESIGN AND FABRICATION PHASE

The design and fabrication of the equipment used in the project were
described in an earlier report (1).



SECTION V
EFFECI OF WATER TEMPERATURE ON INFECTION OF SAIMONIDS BY

AEROMONAS SALMONICIDA AND AEROMONAS LIQUEFACIENS

Marerials and Methods

The SS-70 BE-3 scrain of A. saimonicida, which was used in the experiments
reporced nere, was isolated from the kidney of a chinocok salmon (Oncorhynchus

tshawycscha) at the South Santiam Hatchery in Oregon. It was passed
through a series of 13 transfers in juvenile coho salmon (Oncorhynchus
kisucch) by intraperitoneal inoculation of a suspension of kidney tissue
from the fish infected in the preceding transfer. Kidney tissue from the
last fish in the series was then macerated, suspended in sterile skim
milk and lyophilized.

Aeromonas liquefaciens, strain K-1, used in the experimencs with spring
chinook salmon, was isolated frow the kidney of a shad (Alosa sapidissima)
during an epizootic in Coos Bay, Oregon. Stock cultures were maintained
on pepcone beef excract glucose agar covered with a layer of neutral
mineral oil. This medium contains 10 gm of pepcone (Difco), 5 gm of
glucose, 10 gm of beef extract, 5 gm of sodium chloride, and 15 gm of

agar per licer. A, liquefaciens scrain JZ-45 was used in the experiments
with coho salmon. It was isolated from a juvenile spring chinook salmon
at the OSU Fish Disease Laboratory where it appeared to be causing fatal
infections in fish held at 64 and 69 F.

The salmonid tish used 1n the work reporced here were juvenile coho and
spring chinook salmon, and juvenile steelhead trout. Their average
weight ranged from 18 to 35 graws in diftferent experiments. They were
generously donacted for this project in relatively large numbers by the
Oregon Wildlife Commission and the Fish Coumission of Oregon.

Experimencal infecrions in fish were produced by the intrawmuscular or
intraperitoneal injection of 0.05 to 0.1 ml of a culrture of the pachogen
in brain hearct infusion (BHI) broth or peptone-beef extract-glucose
(PBG) broth suitably diluted to contain a small nuwmber of LDgp. Although
it would have been distinctly preferable to use a more natural method
for establishing infection, previous experience with A. salmonicida and
A. liquefaciens indicated that injection was the only method that could
be relied on to produce fatal infection in a large percencage of exposed
fish. These organisms, while pathogenic for fish, do not always possess
highly invasive properties.




The method used to temper fish to the various experimental water temperatures
was as follows: When received from the hatchery, the fish were maintained

at 54 F. At the beginning of an experiment, the fish to be used were
transferred to an 18 gallon tank, and the water was gradually replaced

with water at the next temperature increment, either 49 to 59 F, over a
period of 1 to 1.5 hours. Fish were held at the new temperature for 48

hours before the cycle was repeated by replacing the water and achieving

the next temperature increment either 44 or 64 F. This process was

repeated until groups of fish had reached the assigned temperature levels
covering the range from 39 to 72 or 74 F at five degree intervals.

Infections were confirmed at necropsy by streaking small fragments of

kidney tissue on plates of BHI agar, which were incubated at room temperature
(about 22 C). Colonies of A, salmonicida were identified by Gram stain,
colony morphology, brown pigment production, and a positive oxidase

reaction. Identification of colonies of A. liquefaciens was made from

the cultures incubated at 37 C by agglutination with specific antiserum

(A. salmonicida does not grow at 37 C).

The experimental design adopted in this work required the use of sixteen
18 gallon aquaria for each experiment. Thus two tanks were provided for
each of the eight water temperatures. Eight tanks, one at each temperature,
were assigned to groups of fish to be infected with the pathogen being
studied, while the remaining eight were assigned to groups of uninfected
control fish that received sham injections. The number of fish per tank
was at least 25, and in some experiments was increased to 35. Two essentially
identical experiments were conducted concurrently, each one consisting

of eight groups of infected fish and eight control groups. The purpose

of this plan was to provide information concerning the degree of variation
to be expected between groups of fish receiving, insofar as possible,
exactly the same treatment.



Experimental Phase

Effect of Temperature on Infection with Aeromonas salmonicida

Experiments designed to determine the effect of water temperature on
experimental infection of juvenile coho and spring chinook salmon with
A. salmonicida have been described in an earlier report (1). However
irregularities in the results obtained with the chinook salmon strongly
indicated that some factors other than temperature were influencing the
mortality data. Accordingly these experiments were repeated and similar
tests carried out for the first time in juvenile steelhead trout (Salmo

gairdneri).

In the experiments with spring chinook salmon, 400 fish averaging 19
grams in weight, were distributed at random among 16 tanks, 25 fish per
tank. Each tank contained 18 gallons of well water, flowing at a rate

of 0.5 gallons per minute. Eight tanks contained fish to be infected,
and eight contained fish to be used as uninfected controls. One tank in
each group of eight received flowing water at 72 F, another received
water at 69 F, a third received water at 64 F, and so on, so that groups
of fish were maintained at each 5 degree increment of temperature from
39 to 69 F, and also at 72 F., A second identical experiment, requiring
an additional 400 fish, was carried out concurrently.

Fish to be infected received an intraperitoneal injection of 0.1 ml of a
19 hour culture of A. salmonicida strain SS-70 BE-3 in BHI broth diluted
to contain about 5400 colony forming units, or about 18 LDg5. Control
fish received a sham injection of 0.1 ml of sterile phosphate buffered
saline. After injection all groups of fish were held at their respective
temperature for 13 days. The experiments were terminated at that time
due to a disease condition referred to as tail rot in both infected and
control groups at 54 F and below, Dead fish were collected daily, autopsied.
and cultures prepared by smearing kidney tissue on plates of BHI agar.
After termination, all surviving fish in infected groups of 5 controls
from each temperature group were autopsied and cultured. Aeromonas
salmonicida colonies were identified by Gram stain, colony morphology,
brown pigment production, and a positive oxidase reaction.

Results of the two experiments are shown in Table 1. Among the infected
groups the mortality exceeded 907 at 69 and 72 F, and in most cases
decreased significantly with each 5 degree reduction in temperature.

Thus it was lower at 64 than at 69 F, at 59 than at 64 F, at 49 than at

54 F, and at 44 than at 49 F. The data show that the development of

fatal infection in juvenile chinook salmon due to A. salmonicida was
suppressed at water temperatures of 39 and 44 F, and enhanced progressively
at temperatures of 49, 54, 64 and 69 F. These results are very similar

to those obtained in comparable experiments with juvenile coho salmon

(1).
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The results of bacterial cultures of kidney tissue from the infected
groups of fish appear in Table 2. Aeromonas salmonicida was recovered
from 88 to 100% of the mortalities in each experimental group, and

these findings provided confirmatory evidence as to the cause of death.
The organism was not recovered from any control fish examined. It is of
interest to note that the bacterium was also recovered from a considerable
number of the fish that survived at temperatures of 49 F and below. This
was not the case in the coho salmon experiments (1). It seems probable
that the persistence of the bacteria in survivors may be related to the
relatively short duration of the chinook experiments; i.e. 13 days
compared to 55 days in the case of the coho. The longer holding period
might have provided the time necessary for the defense mechanisms of the
surviving fish to clear the invading bacteria from the tissues.

A linear relationship between the log of the number of days to death and
water temperature was observed and confirmed by regression analysis
(Fig. 1). The correlation coefficient was -0.8607 and was found to be
highly significant (Appendix, page 65). The R2 value of 0.7407 indicates
that time to death was about 74% dependent on temperature. The mean
values decreased from 12.2 days at 44 F to 2.3 days at 69 F. Thus the
progress of the fatal infection in these fish was accelerated at the
higher temperatures and retarded at the lower temperatures. Values for
the mean time to death were computed on the basis of the fish that died
during the course of an experiment, rather than the total number of

fish in the test group. These values were calculated as the geometric
means of the individual times to death in days.

The effect of temperature on infection of juvenile steelhead trout by A.
salmonicida was studied in duplicate experiments carried out concurrently.
The fish averaged 35 gm, and the infecting dose of the bacterium contained
about 600 colony forming units, or about 2 LDSO' In this case all experi-
mental groups of fish were held at their respective temperatures over a
period of 33 days.

The results obtained are presented in Table 3. The highest water tem-—
perature in these experiments was 74 instead of 72 F, which proved to be
too warm for the uninfected control fish, as 96% of them died within the
first few days. At 69 F however only 10% of the controls died, compared
to 96% of the infected groups. Among the latter the percent mortality
decreased with decreasing water temperature from 847 at 64 F to 30% at

54 F, 10% at 44 F, and 2% at 39 F. As in the chinook salmon experiments,
fatal infection was suppressed at 39 and 44 F, and progressively enhanced
as the temperature increased from 49 to 69 F.

Table 4 contains the results of bacterial cultures of kidney tissue from
the infected groups of fish. Aeromonas salmonicida was isolated from 90
to 100% of the fish that died in each temperature group. However, among
fish that survived, it was isolated from only 3 of 200 individuals that
were examined. Apparently natural defense mechanisms had eliminated the
bacterium from the tissues of most of the survivors.

10
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TIME TO DEATH AFTER EXPOSURE (days)
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Fig. 1. Relationship between water temperature and the log of
time to death after infection of juvenile chinook salmon
with Aeromonas salmonicida.
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As in the chinook salmon experiments, a linear relationship between the
log of the time (number of days) to death and water temperature was
observed and confirmed by regression analysis (Fig.,2). The correlation
coefficient was -0.7635, a significant value, and R” was 0.5829 (Appendix,
page 66). The latter figure indicates that about 58% of the variation in
time to death was accounted for by temperature. The mean of times to
death decreased from 20.3 days at 44 F to 2.7 days at 69 F. Thus the
accelerating effect of higher tempertures was again evident.
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Fig. 2. Relationship between water temperature and log of time
to death after infection of juvenile steelhead trout
with Aeromonas salmonicida.
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Effect of Temperature on Infection with Aeromonas liquefaciens

Experiments providing data concerning the influence of water temperature
on experimental infection of juvenile steelhead trout with Aeromonas
liquefaciens have been reported previously (1). Similar studies were
repeated on juvenile coho and spring chinook salmon and the results are
presented below.

Two parallel experiments were conducted concurrently with spring chinook
salmon. Four hundred fish, averaging 18 gm in weight, were used in each
experiment. They were distributed randomly among 16 tanks, 25 fish per
tank. The experimental design was as before except that fish to be
infected received an intraperitoneal injection.of 0.05 ml of a suspension
of A. liquefaciens in PBS containing 1.22 x 10 organisms, or about 2

LD5 . The inoculum was prepared from an 18 hour culture of the bacterium
in gHI broth by washing and resuspending in PBS. Uninfected control fish
received an injection of 0.05 ml of sterile PBS. All groups of fish were
at their experimental temperature levels for 12 days post injection. Dead
fish were collected daily and cultures of kidney tissue were prepared on
BHI agar plates. Identification of A. liquefaciens colonies was made by
agglutination with specific antiserum. At termination of the experiments
all surviving fish in the infected groups, and five uninfected controls
from each temperature group were autopsied and cultures of kidney tissue
prepared on BHI agar.

Results of the two experiments are shown in Table 5. The percent mortality,
which was 787% at 72 F, decreased progressively with decreasing temperatures
to 387 at 54 F, and to less than 15% at 49 F or below. A few deaths
occurred among uninfected controls in all temperature groups. Recovery
of A. liquefaciens by culture of kidney tissue of infected fish and
controls is recorded in Table 6. Ninety four to 100% of fatally infected
fish held at temperatures of 54 to 72 F yielded cultures of the organism,
while no cultures were recovered from any of the infected fish that
survived. Apparently the survivors had been able to eliminate the inoculated
bacteria from the tissues during the 12 day experimental period. The
organism was not recovered from the 20% of the uninfected control fish

that were examined. The mean time to death was very short with this
pathogen and was not significantly affected by temperature in the range
from 59 to 72 F. Apparently fatal infections were suppressed at tem—
peratures of 49 F and below, and were progressively enhanced as the
temperature increased from 54 to 72 F. These results in juvenile chinook
salmon are very much like those previously reported, where the same
pathogen was used to infect steelhead trout (1).

When infection in juvenile coho salmon with A. liquefaciens was studied,
the experimental design was essentially the same as that used with the
chinook but certain details were different. Thirty five coho were used
in each group instead of 25, and their average weight was 25 grams. Fish
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to be infected received an intramuscular injection of 0.05 ml of an

18 hour culture of A. liquefaciens, strain JZ-45 in BHI broth, diluted

to contain about 2.9 x 10/ cells, or about 1.5 LD5g. Uninfected controls
received the same volume of a sterile filtrate of the broth culture,
similarly diluted. All experimental groups were held at their respective
temperatures for 15 days. Dead fish were collected daily and cultures

of kidney tissue prepared on BHI agar plates. Ten control fish from

groups held at 54 F and above were sacrificed and examined by kidney culture
at the end of the experiment.

The data obtained in the coho salmon experiments appears in Table 7.

All of the inoculated fish in the experimental groups held at 64 F and
above succumbed to infection with this pathogen, as did 97% of those held
at 59 F. At 54 F, mortality decreased significantly to 41%, and no deaths
occurred at 49 F or below. All control fish remained healthy during the
experimental period. Results of culturing kidney tissue of fatally
infected fish and control fish are given in Table 8. All of the inoculated
fish that died in groups held at 54 F and above yielded cultures of

A. liquefaciens. This organism was isolated from three specimens among 50
control fish from these five temperature groups that were examined by
culture.

The mortality data from the coho salmon resemble closely the comparable
data from steelhead trout (1) and chinook salmon. Fatal infections did

not develop at water temperatures of 49 F or below, but appeared first

at 54 F, affecting about 41%Z of the fish. At higher temperatures, mortality
increased rapidly to 100%. It is also evident from the data in Table 7

that the disease process in the infected fish progressed most rapidly at
the higher temperatures. This is indicated by the mean times from infection
to death which increased from about 1 day at 74 and 69 F to 4.7 days at

54 F.

As reported in the A. salmonicida experiments, when the log of the number

of days from inoculation until death was plotted against water temperature,
the relationship was found to be linear in the range from 54 to 69 F (Fig. 3).
Regression analysis revealed a correlation coefficient of -0.7017 (Appendix,
page 67) which was highly significant, and a coefficient of determination

(R”) of 0.4924. The latter indicates that the time to death was about 497
dependent on temperature.

In view of the fact that percent mortality due to A. liquefaciens

in salmonids increased progressively with increasing water temperature

and that the disease process was accelerated by higher temperatures,

it was of interest to determine the relationship of temperature to the
growth rate of the organism in vitro. Accordingly peptone beef extract
glucose broth was inoculated with the K~1 strain at an initial concentration
of 104 to 103 cells per ml and distributed in 100 x 13 mm screw cap tubes

in three ml aliquots. Groups of these tubes were then incubated at each of

20



*elep 23enboprUT S93IBOIPUT pru

* (19 28ed ‘xytpuaddy) °T19a9T L3TTTqEqOxd

GO0 @Yl 3® ¥%Z0'G 99 O3 PIUTWISIAP SeM sanJea £JT[ejiow 3ud013d UI9MISQ DOUSIIIITP IJUBOITITUBTS 3sesat msﬁv
*jusuTiadxa 9yl Jo pud oyl je poaedoaad 2I9M S3INITND LDUPIY PUB POOTIIIOES DI9M

aaoqe pue j 4G e pyey Sdnoid woij YsSTJ ToI1juod Ua], *°2nsSsT3 A2UpPTY WOIJ dpeuW S2In3INd pue ‘parsdoine
“AT1ep P9IOSTTO0D 219M YsSTJ peod °sAep G I0J seinjieiadwo] PolBOIPUT 9yl I8 PISY 219M YsTJ Jo sdnoald 11V,

*poanyIp ATABTIWES €2IN3TNO Y3oaq 3Yl JO 33BIITTJI OTIAS1IS B JO TW GO 'O JO uoridafuf weys e paarodai
yst3 toazuoy ‘0Sq7 g1 Inoqe 10 sTT@d (0T X 6°C 3INOqe UTBIUOD 03 PaInIIpP ‘Y3ioiq THE UT G- UTBIAIS

SUSTOBJANDIT 'V JO 9anlINO Inoy QT Ue JO JW GO°(Q JO UOTID3[UT IBTNOSNUEIIUT U £q PIIDLJUT oIdM :mﬂmn
‘w3 g1 sem juewTaadxa ayjl jo Buruur8aq oyl 3® YSTJF 2yl jo 3IyStem s8wioae UL,

-—- 0 0 geg/0 ge/o se/0 Ge/0 I.6¢
- 0 0 ce/o Se/o Ge/o Ge/o .,
5 P 0 6°¢ Sse/o Se/0 Ge/o Ge/T 1,67
LYy 0 71y Se/0 GE/ET Ge/0 Se/91 a,%s
1A 0 L6 Gge/0 Se/s¢e GE/0 ce/ee a4,6S
ST 1 0°00T Ge/o we/ve Se/1 9¢/9¢ 4,79
"1 6°2 0°00T Ge/0 9¢/9¢ ce/t ce/se 1,69
0°'T 0 0°00T ¢e/o Ge/s¢e Ge/0 Ge/s¢e 1,%L
sAep ur yjzeap ST013u0) pao3oajul sT013u0) po3oo3ul ST013u0) pao3oajul owHSuMMMQEMu
031 uoTlodojul v. 4 4 I93epM
pauTqUoD 3dxs 7 ¢ JusurIadxy 1 Juswriadxy
WOIJ dWI) UBSK
$L3TTR3IIOW JUSdDIJ PoTIP 3eyl dnoid yoes 3O uorldBRIY

o UOWTES 0Yod 9TTuaAn UT UOTIO9JUT SUSTOEBISONDI] SeUOWOILY uo sinjeradwsl is9lem Jo 39933% */ 9IqeL

21



‘suswroeds (0§ 9yl JO € WOXJ PIIBTOST SBM SUSTOBIINDI] 'V
*anssT] A2upTy SuraniIno £q pauTwexd osTe aa9am dnoad sanjeisdws] yYoes wWOIJ YSTF TOIJUOD U]

001 62/6¢ I %S
00T 89/89 I 66
00T 0L/0L 4 %9
00T 0L/0¢L g 69
00T 0L/0L d %L
aaTatsod peisa3 ‘ON 2injexadwal
Ju’adiag aaTaTsod ‘oN I23eM

Asdoine 3e soan3jIno aarirsod

SuTpIoTL YSTJ poloajur ATIeijuswmriadxe Jo uorixaodoag

‘uouTes oyoo STFusaAn{

wol1y INSSTI ASUPTY JO 2aIn3ITNO TedT80TOTA33Ideq Lq SUBTIEIANDIT seuowoisy Jo Ki19a0d0y °g o4qEL

22



TIME TO DEATH AFTER EXPOSURE (days)

| 1 | | |
49 54 59 64 69 74

WATER TEMPERATURE (°F)

Fig. 3. Relationship between water temperature and log of time
to death after infection of juvenile coho salmon with
Aeromonas liquefaciens.
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the eight temperatures used in experiments with fish. Growth was deter-
mined at selected intervals by measuring optical density at 650 nm. The
growth rates observed are shown in Fig. 4. At 39 F growth was barely mea-
surable and was quite slow at 44 F. The rate increased significantly at

49 F and was still greater at 54 F. Temperatures from 59 to 74 F resulted
in further increases in rates, which reached a maximum at 74 F. When these
data are compared with the mortality data in experiments with salmonid

fish it is apparent that the temperatures from 49 to 74 F, which gave

the highest in vitro growth rates, are also those that produced the highest
mortality and the shortest mean times from infection to death in inoculated
fish. The three lowest temperatures, 39, 44 and 49 F, with the lowest
growth rates, were those which consistently suppressed the development

of fatal infections in fish. Thus it seems reasonable to assume from these
in vitro data that the effect of temperature on the growth rate of the
pathogen is in part responsible for the effects of temperature on the
disease process in fish,
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Fig. 4. Effect of temperature on growth rate of Aeromonas
liquefaciens in peptone beef extract glucose broth.
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Discussion

The effect of water temperature on infection with A. salmonicida and A.
liquefaciens was studied in coho and spring chinook salmon, and steelhead
trout. Temperature effects on A. salmonicida infections were very similar
in all three salmonid species. Fatal infection was suppressed by tem-
peratures of 39 or 44 F, and was progressively enhanced as temperatures
increased from 49 to 69 F. This was indicated both by the mortality

rates and by the mean times to death, which were longest at the low
temperatures, but decreased progressively as temperatures increased. As
reported previously (1) these effects appear to be related to comparable
effects on growth of the organism in vitro. Such growth was barely
detectable at 39 F, markedly retarded at 44 F, and increased progressively
in rate as the temperature increased from 49 to 69 F. From the mortality
data presented it might be anticipated that natural outbreaks of furuncu-
losis among juvenile salmonids would be most likely when water temperatures
are 50 F or higher.

In the case of the A. liquefaciens infections, the effects of temperature
were similar among the three salmonid species. However, in these experiments
the three lowest temperatures (39, 44 and 49 F) essentially eliminated

any fatal infections in coho salmon and steelhead trout during the
experimental period (1). Thus, suppression was somewhat more complete at
these temperatures than in the A. salmonicida infections. Mortality
increased progressively as water temperature increased from 54 to 72 or

74 F. The effects of temperature on the A. liquefaciens infections also,
appear to be related to the growth rates in vitro at the various experimental
temperatures. Growth was negligible at 39, very slow at 44 F, and increased
in rate with temperature increments of five degrees from 49 to 74 F. The
experimental data on mortality seem to indicate that fatal disease due

to A. liquefaciens probably does not occur in juveniles of the three
salmonid species studied until water temperature rises above 49 F.
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SECTION VI
EFFECTS OF WATER TEMPERATURE ON INFECTION OF STEELHEAD TROUT BY

FLEXIBACTER COLUMNARIS

Materials and Methods

In an earlier report (1) experiments were described in which the effects
of water temperature on infection by Flexibacter columaris were inves-
tigated in coho salmon, spring chinook salmon and rainbow trout. These
studies have now been expanded to include juvenile steelhead trout,
which averaged 13 grams in weight. These are the same species as rainbow
trout (Salmo gairdneri), but differ by being anadromous.

The experimental design was essentially the same as previously described
in Section V for experiments with A. salmonicida.

The F. columnaris isolate used in these experiments was obtained from a
lesion on the gill of an adult spring chinook salmon at the Fish Commission
of Oregon, Dexter Dam Holding Pond, Willamette River. It was passed in
coho salmon fry seven times to increase its virulence. After the seventh
passage the culture was lyophilized. Immediately prior to each experiment
a lyophilized specimen was cultivated in Cytophaga broth (2) and passed
once in juvenile steelhead trout. Several isolates from this final fish
passage were collected and pooled to prepare the inoculum for infecting
fish in the temperature experiments. Each isolate was grown in tryptone
yveast infusion broth (3) for about 20 hours at 24 C. The resulting
cultures were then mixed for the preparation of the inoculum. The optical
density of the latter was adjusted to 0.1 at 525 nm. Infection of the
fish in the experimental aquaria was then accomplished by addition of

the mixed culture to the aquarium water. The water supply was cut off for
a 10 minute period and the volume (water plus fish) in the tank reduced
to about 20 liters. A sufficient volume of the cultuyre was then added to
give a 1:20 dilution, which represented 3 to 6 x 10° colony forming

units per ml, After the 10 minute exposure period, the flow of water was
resumed.

In control groups of fish which were not exposed to the pathogen, the
volume of water in each tank was reduced to the level in exposed tanks,
and water flow was interrupted and resumed in the same manner. Dead fish
were collected daily during the 25 day period following infection, and
cultures were prepared by streaking gill or kidney tissue on Cytophaga
agar.
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Experimental Phase

The results of the two experiments are presented in Table 9, All of the
exposed fish held at 69 F and 927 of those held at 64 F succumbed within
the 25 day observation period. Mortality dropped significantly to 567% in
the groups held at 59 ¥, and was only 167 among those held at 54 F. No
deaths occurred at 49 or 39 F, and only one at 44 F., Flexibacter columnaris
was isolated from 96 to 1007 of exposed fish that died at 54 to 69 F by
culturing gill and kidney tissue.

These experiments clearly demonstrated the effect of temperature on the
incidence of fatal infection in juvenile steelhead trout exposed to this
pathogen. Mortality increased progressively with increasing temperature
in the range from 54 to 69 F. The disease was effectively suppressed at
49 F and below. The 74 F water temperature was not tolerated by these
fish, as all of the unexposed control fish died during the experimental
period. Flexibacter columnaris was not recovered from these animals at
autopsy, and these are presumed to be thermal deaths.

A second effect of water temperature on this infection became apparent

when the mean number of days from exposure to death was plotted on a log
scale against temperature. The relationship between these two variables

was found to be linear, as shown in Fig. 5. A correlation coefficient

of -0.7604 was calculated and found to be highly significant. The coefficient
of determination (R ) was shown to be 0.5783, indicating that about 587

of the variation in the log of the time to death was accounted for by

water temperature. The equation and the data used in computing it are

shown in Appendix, page 68. The mean time to death decreased from 7.6

days at 54 F to 1.7 days at 69 F. Thus the progress of fatal infection was
accelerated at the higher temperatures and retarded at the lower temperatures.

Although precise measurements of growth of this strain of F. columnaris
in vitro were difficult because of the strong tendency of the cells to
form clumps in liquid medium, growth rates were determined approximately
at 49 to 74 F by measuring the optical density of static cultures in
tryptone yeast infusion broth. In this temperature range growth was most
rapid at 64 to 74 F. At 59 F there was a lag period of about 47 hours
before growth began, and the growth rate was less than at 64 F. At 54
and 49 F no significant growth was observed, even after 100 hours
incubation. Thus the optimal temperature range for growth in vitro was
correlated with the temperature that produced the highest mortality and
the shortest mean times to death. Furthermore, the 49 and 54 F temperatures,
which were very unfavorable for growth of the organism in vitro were
associated with little or no mortality in the groups of exposed fish.

28



*I0J pe3unoddrUN YSTJ wﬁoM

"poraed Burpploy Y3 3O sAep ¢ 3ISITF oyl BUTINp PATP & #/ IT USTF TOIIU0Dd TTV,

*Asdoine 3B 3an3Tno £q wsiue8iIo 9yl Jo LI9A0D091 UO wmmmmv
* (29 2%ed ‘xrpuaddy) ToasT A3TTrIqeqoad GO'0 2yl 1B %Z'8 9q O3 BOUBTIEBA JO SIsATeru® £q pauTwIalap

SeA SIUSWTIAdXS PIaUTqWOD woij L3TTeliow 3usdiad I0J SONTBA USDMISq 9OUSIDIJIP IJUEOTITUSTS 3ISEIT ?UL,

*STIePUMNTOD *4 03 2Insodxd 1938 sABpP ¢Z DPOIBUTWIS] SBM uﬂmaﬁhmmxmn
*3 €1 sem poliels juswriodxe uldym YsSTI Jo IyY3Tom mwmuw><m

0 0 [4 0 mqm\o GZ/o ST/t 6z/o 4 6¢€
0 0 0 [4 ¢z/0 SZ/T 6T/0 qz/o d %y
0 0 0 0 mqm\o §z/0 cZ/0 6z/o 4 6%
0 00T K4 91 ¢z/e SZ/9 cz/0 cc/e a4 %6
0 96 0 9s qu\o qz/ST Gz/0 GZ/€T d 66
0 86 Ot 6 gz/¢ sc/ve st/e 6z/zte d %9
0 00T [4 001 Gz/0 qe/se cC/t qc/se 4 69
0 001 001 00T mmm\mm Gc/se me\mN ge/se d %/
SToa3u0) po3dajul SToi13u0) spe3o9zul sToaluo)n p231o%93ug ST013U0) pa31293Jul 213neasadus)

sSTIieUWNTOD *J pautquod ‘3dxe ¢ 7 Iuswraadxy T Juswriadxy J93eM

vsuﬂs p23o33jut $L3TTR310W JULDIa]g PSTP 3I'Yl dnoal yoee JO uorIoBIg

sylesap JOo 3Jua21Iad P

<. 'STIeuminTod I930BQIXSTJ

YITM PR3ID9JUT INOIJ PESYTI9IS o[TusAnf Jo LIT{e3Iiow uo ainieiadusy rojem Jo 199339 ‘6 OT9EL

29



iOr—
9—
8.__
7__

-

[}

S or

ko)

N

-

S

A

S 4

)<

N

@

N

L 3

A

3

N

Q

N

W

3

~
, | | | |
49 54 59 64 69 74

WATER TEMPERATURE (°F)

¥ig. 5. Relationship between water temperature and log of time
to death after exposure of juvenile steelhead trout to
Flexibacter columnaris.

30



Discussion

The results indicate that the effects of water temperature on experimental
infection of steelhead trout with F. columnaris were very similar to

those in coho and spring chinook salmon (1). In all three salmonid
species, the lowest temperatue at which deaths were observed due to
infection by F. columnaris was 54 F, while mortality increased progressively
with increasing temperature in the range from 54 to 69 F. At 49 F and
below, conditions were unfavorable for progress of the infection. The
effect of temperature on defense mechanisms of the host is not known.
However, the rapid growth of F. columnaris in vitro at temperatures of

64 to 74 F, and the very limited growth at 54 F and below suggest that

the effect of temperature on mortality is due in part to its effect on
growth of the organism in the host's tissues.

The determination of the mean time between exposure to the pathogen and
death of the fish provides a measure of the rate at which fatal infection
develops. In all three salmonid species, this data showed clearly that
progress of the infection was accelerated progressively as the temperature
increased from 54 to 69 or 74 F. At 49 F and below no fatalities
attributable to F. columnaris occurred in any of the three species. It
seems likely that this accelerating effect of increasing temperature may
also be due in some degree to stimulation of growth of the bacterium.

The experiments reported were conducted under controlled conditions in

an experimental fish disease laboratory and the significance of the
results with respect to the effects of temperature on the occurrence

of columnaris disease under natural conditions deserves consideration.

It was important to use water containing no fish pathogens in the experi-
mental aquaria, rather than a natural river water, in order to minimize
the occurrence of disease symptoms and mortality caused by pathogens
other than the one being studied.

Although it cannot be inferred that the results obtained define exactly
the relationship of temperature to mortality from columnaris disease

that could be expected under natural conditions, they are not in conflict
with reported studies of this relationship as it affects the natural
disease. The influence of higher temperatures in streams and hatchery
troughs on incidence of the disease and initiation of the infection has
been reported by other workers (4, 3, 5, 6).

Ordal and Pacha (4) found that under experimental conditions, highly
virulent strains of F. columnaris could initiate infection in fish at
water temperatures as low as 55 F, while strains of low virulence could
do so only when the temperature was increased to 68 F. The strain used
in the experiments described here appears to fall in their category of
intermediate virulence, as it killed 1007 of experimental fish exposed
by water contact at 69 F within 96 hours but not within 48 hours.
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The data presented define the effects of temperature on columnaris
infection without confusion from the activity of other pathogens in the
water, and therefore with somewhat greater precision than reported by
other workers. These results do provide additional guidelines for future
understanding and efforts to control this disease. Considering the
available evidence from all investigators, and the existence of strains
of F. columnaris of high and low virulence, it appears that water
temperatures below 54 F are required for complete suppression of the
disease in salmonid populations that have been exposed to the pathogen.
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SECTION VII
EFFECT OF WATER TEMPERATURE ON BACTERIAL KIDNEY DISEASE IN SALMONIDS
Materials and Methods

The influence of water temperature on experimental infection with
bacterial kidney disease was studied in juvenile coho salmon and steelhead
trout. Two strains of the bacterium (Corynebacterium §E:) used were
isolated from spring chinook and coho salmon at the Hood River and
Nehalem Hatcheries, respectively. Stock cultures were maintained on
Cysteine blood agar (7) modified by using calf serum in place of whole
blood.

Inoculum for infecting fish was prepared as a suspension of the organism
in physiological saline. In experiments with coho salmon the suspension
contained about 2.5 x 108 bacteria in 0.05 ml, and in steelhead trout
experiments the concentration was about 2.9 x 108 in this volume.

Juvenile coho salmon averaged 6.5 grams in weight, while steelhead trout
averaged 18 grams. Fish in groups to be infected were injected intra-
peritoneally with 0.05 ml of the bacterial suspension, and control fish
received the same volume of sterile physioclogical saline.

The experimental design was almost the same as previously described in
Section I for A. salmonicida. Fourteen aquaria, each containing 25 fish
were used in each experiment. Seven streams of tempered water, varying

from 39 to 69 F in five degree increments were provided, and two aquaria
were maintained at each temperature. Seven of them, one at each temperature,
were assigned to groups of fish to be infected, while the remaining

seven were used for uninfected controls. The fish were tempered to the
various temperature levels by the method described in Section V. Two
complete and identical experiments were conducted concurrently, each one
consisting of seven infected groups and seven controls.

Dead fish were collected daily during the experimental period, autopsied,
and smears of kidney tissue prepared on glass slides. These were gram
stained and examined microscopically for the presence of the typical
kidney disease bacteria. This criterion was used to establish kidney
disease as the cause of death. Bacterial cultivation of the organism

was considered impractical in this case because of its slow growth rate
and fastidious character.
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Experimental Phase

The results of duplicate experiments with kidney disease in juvenile

coho salmon are presented in Table 10. The inoculated and control groups
of fish were observed at their respective temperature levels over a
period of 112 days. At this time deaths among exgerimental fish had
ceased to occur in all groups except those at 39 F. The percent mortality
values in Table 10 were based on dead fish in which the specific pathogen
was demonstrated at autopsy. This was done because the lengthy period
during which these fish were held provided greater opportunity for
occurrence of deaths from causes other than kidney disease. Such deaths
are especially evident among the control groups of steelhead in Table

11.

In Table 10 the combined data from the two experiments with coho show
that mortality approached 1007 in the temperature range of 44 to 54 F.

As the temperature increased above 54 F, mortality declined progressively,
and was only 40.8% at 64 F and 13.67 at 69 F. When the experiment was
terminated after 112 days, mortality at 39 F had reached 63.47%, but fish
were still dying from kidney disease. At this time the 15 surviving fish
in the infected groups, and the 46 controls were tempered to 54 F water
by the method described in Section V. Within two weeks all of the fish in
the infected groups had succumbed to kidney disease, whereas none of the
control fish had died. This indicates that the pathogen was still viable
in the inoculated fish held at 39 F, and that progress of the infection
was accelerated by increasing the temperature to 54 F. Presumably if
these fish had been allowed to remain at 39 F for a longer period the
mortality from kidney disease would have approached 100%.

The relationship between water temperature and log of time to death

was linear. This parallels the relationship between these two variables
described previously (Section V and VI) for A. salmonicida and F.
columnaris infections, The regression analysis of the data is shown in
Fig. 6 (and Appendix, page 69. The correlation chfficient was

-0.7496, a statistically significant value, and R~ was 0.5619, indicating
that time to death was about 56% dependent on temperature. The values

for mean time to death decreased from 84.2 days at 39 F to 22.5 days at
69 F. Increasing temperature was associated with shorter survival and
higher mortality.

Although 69 and 64 F were the most unfavorable temperatures for the

production of fatal disease, as shown by the mortality data, fish that

did develop fatal infection at these temperatures exhibited the shortest
survival time between inoculation and death, i.e. 25 and 26 days, respectively.
In other words the disease process progressed more rapidly and completely

in these fish than in others held at 44 to 59 F. The reason for this is

not clear, but it seems possible that the highor temperatures of 69

and 64 F could have exerted a selective influence favoring the growth
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Fig. 6. Relationship between water temperature and log of time
to death after infection of juvenile coho salmon with
kidney disease bacteria.
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of a few mutant bacterial cells in the inoculum, which may have had

a greater virulence than the predominant cell population. The mean
number of days from inoculation to death increased to 39 at 54 F, 53 at
49 F and 73 at 44 F. At 39 F it was greater than 83 days.

Two parallel experiments with kidney disease were also carried out in
juvenile steelhead trout. The experimental design and procedures were
the same as in the coho salmon experiments. The influence of water
temperature on mortality from this disease is evident from the data in
Table 11. Again the percent mortality was greatest in the range of 44 to
54 F, varying from about 78 to 987%. It dropped to 49% at 59 F, about 437
at 64 F, and about 8% at 69 F. At 39 F, about 36% of the inoculated fish
had died from kidney disease when the experiment was terminated. However,
of the 26 survivors, 21 were found by microscopic examination to be
harboring the kidney disease bacterium. Presumably then, as in the coho
salmon experiment, if these fish had been allowed to remain at 39 F for
a longer period, mortality from kidney disease would have approached
100%.

Thus the data from juvenile steelhead also indicated that the range of

44 to 54 F was optimal for the development of fatal infection by this
pathogen, and that higher temperatures had some suppressing effect,

which was greatest at 69 F. A complicating factor in these experiments
was the prevalence of tail rot in the population of steelhead. It is
presumed to be the cause of the deaths among uninoculated control groups
shown in Table 11. However, as mentioned previously, in calculating
percent mortality values due to kidney disease, only those dead fish

were counted which had the specific pathogen. Thus the possible distortion
of the data by non-specific infection should be largely eliminated.

The mean times from inoculation of the bacteria until death of the host

at the various water temperatures are shown in Fig. 7., Although percent
mortality was greatest in the temperature range of 44 to 54 F, the shortest
mean time to death was observed at 59 F. Some animals were apparently
able to overcome the inoculated dose of the pathogen when the body tem~
perature was held at 59 F, but others in the group were not, and in

these animals the disease process progressed more rapidly than in fish
maintained at lower temperatures., As the data show, there was a
progressive increase in the mean time to death as the temperature
decreased from 59 to 39 F. At 64 F the interval was slightly greater

than at 59. However at this temperature the efficiency of detection

of the pathogen in kidney tissue was less than at lower temperatures,
especially in fish that died within two weeks after inoculation. At

69 F the number of deaths was too small to permit a reliable estimation of
the mean time to death.
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Fig. 7. Relationship between water temperature and log of time
to death after infection of juvenile steelhead trout
with kidney disease bacteria.
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Regression analysis of the data in Fig. 7 again confirmed the linear
nature of the relationship between temperature and the mean time to
death (Appendix, page 70). The correlation coefficient was ~0.7927 and R
was 0.6284, showing that about 63% of the variation in time to death

was accounted for by the regression line.
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Discussion

The experiments described have indicated some definite effects of water
temperature on infection of juvenile coho salmon and steelhead trout
with the bacterium of kidney disease. In general, these effects are very
similar in the two salmonid species. In both cases the temperature

range of 44 to 54 F was found to be optimal for the development of

fatal infections. At higher temperatures, percent mortality declined
progressively, and at 69 F was reduced to values of only 8 to 137%.

The above optimal temperature range seems consistent with the observation
that mortality from the disease in nature is most apparent in the fall
of the year when water temperatures have cooled well below those of
summer.

Experimental kidney disease was observed to be a slowly progressing
infection in both species. The mean interval from inoculation until death
varied from a minimum of about 23 days to more than 89 days, depending

on water temperature. In both coho and steelhead the interval increased
progressively as the temperature decreased from 59 to 39 F,

Kidney disease is the only one of the bacterial infections of salmonids
that have been studied in which temperatures of 64 and 69 F exerted a
suppressive effect on the disease process. In the A. salmonicida, A.
liquefaciens, and F. columnaris infections higher temperatures were
associated with the maximum mortality percentages. It seems quite possible
that the much lower optimum range for the kidney disease process may
reflect the optimum temperature range for the growth of the bacterium.
This is not known precisely, but has been reported to be about 59 F (15

¢y (7).
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SECTION VIII
EFFECT OF WATER TEMPERATURE ON ANTIBODY FORMATION IN SALMONIDS
Materials and Methods

Juvenile coho salmon averaging 34 grams in weight were tempered to experi-
mental temperatures of 39, 44, 49, 54, 59, 64, 69 and 74 F by the method
described in Section V of this report. Each temperature group consisted
of 100 fish, which were divided equally between controls and those to be
injected with a killed suspension of A. salmonicida. Fifty fish at each
temperature received an intraperitoneal injection of 0.1 ml of an
emulsion containing equal parts of a BHI broth culture of the organism,
killed by 0.3% formalin, and Freund's complete adjuvant. The injected
dose represented about 1.5 x 109 cells. Equal numbers of control fish
were injected with the same volume of an emulsion containing equal parts
of 0.85% saline and the adjuvant. At 15 day intervals after the antigen
injection five vaccinated and five control fish at each temperature were
bled and individual antibody titers were determined on each serum sample
by tube agglutination. The experimental groups held at 74 F had to be
eliminated from the experiment because of high mortality rates in both
control and vaccinated groups.

An experiment similar to the above was performed, in which groups of
juvenile coho salmon, held at the same eight water temperatures, received
a single intraperitoneal injection of formalin killed kidney disease
bacteria, emulsified in Freund's complete adjuvant. The ogganisms were
grown on cysteine serum agar for two to three weeks at 15 C and killed
by the addition of 0.3% formalin. The emulsion was prepared with equal
parts of the killed culture and the adjuvant. The injected dose contained
about 2 x 109 cells. Control fish received a similar injection of an
emulsion containing 0.85% saline with the adjuvant. At intervals of 15
days after injection, five vaccinated fish and five controls from each
temperature group were bled, and the serum specimens titrated for antibody
by tube agglutination.
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Experimental Phase

Antibody Response to Killed Aeromonas Salmonicida

at Various Water Temperatures

The levels of agglutinating antibody produced in juvenile coho salmon
held at various water temperatures following a single injection of
killed A. salmonicida cells in Freund's adjuvant are shown in Table 12
and Fig. 8. No significant antibody response was found in fish held

at 39 F during the 60 day observation period. At 49 F a response was
first detected after 30 days, and the level was as high or higher after
60 days. At 54 F the first increase was noted after 30 days, and after
45 days more antibody was present than was found in the fish held at
49 F. Temperatures of 59 and 69 F appeared to be optimal for antibody
production, and the highest concentrations were found in fish held at
these temperatures 45 days after the injection of antigen. In general
these results seem to indicate a progressive enhancement of antibody
production as the temperature increases from 39 to 59 F.

In the original design of this experiment it was planned to obtain some
information on the comparative degrees of protection produced in the
vaccinated fish held at the various experimental temperatures. Twenty

five fish from each temperature group including controls were to be challenged
by the injection of about 2 LD., of virulent A, salmonicida cells. Before

the challenge, it was necessary to temper all of the experimental fish groups
held below 59 F up to this temperature, so that the effect of water tem-
perature on the percent mortality after challenge would be eliminated.

The tempering process was completed on all groups by the 84th day after

the original antigen injection., Twenty five fish from each group were

then injected with a dose of A. salmonicida cells calculated to represent
about 2 LD.,.. This portion of the experiment was unsuccessful however,

as less than 10%Z of the unvaccinated control fish developed fatal infection.
Hence no information was obtained concerning the effect of temperature

on protective antibody, which is not necessarily identical to agglutinating
antibody.

On the 84th day after the antigen injection, when the tempering process
had been completed, blood specimens were taken from five fish in each
vaccinated and control group and agglutination titers determined. At this
time only two of the vaccinated groups showed higher mean antibody titers
than were found at the 60 day period. The group held initially at 39 F had
a titer of 1:512 compared to 1:45 at 60 days. Apparently the gradual
elevation of temperature to 59 T had enhanced antibody synthesis. In the
groups held at 59 F throughout the entire 84 day period, the titer at

84 days was 1:24,834 compared to 1:2047 at 60 days. No special reason for
this increase is apparent, except that this temperature was in the optimal
range for antibody formation. In the other temperature groups, the titers
at 84 days were not significantly different from those at 60 days, with
the exception of those originally held at 69 F. In this case the titer
dropped from 1:2,427 at 60 days to 1:323 at 84 days.
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Fig. 8. Antibody response to an injection of killed Aeromonas
salmonicida cells in juvenile coho salmon held at
various water temperatures,
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Antibody Response to Killed Kidney Disease Bacteria
At Various Water Temepratures

The results obtained in the experiment in which juvenile coho salmon
received a single injection of killed kidney disease bacteria (Coryne-
bacterium sp.) in Freund's adjuvant are shown in Table 13. Considerable
mortality which was attributed to infection with A. liquefaciens occurred
in the groups of fish held at 64, 69 and 74 F, and it was necessary to
eliminate these groups from the experiment after 30 days. It is apparent
that the results observed in the remaining temperature groups are quite
different from those in the similar experiment with A. salmonicida. In
this case the antibody response was much weaker at all water temperatures.
The antibody titers at 30 days indicated the range from 44 to 54 F had
permitted the formation of more antibody than lower or higher temperatures.
However at 60 and 90 days after injection, no significant differences

are apparent in the antibody levels from fish at 39 to 59 F. The data
obtained in this experiment do not show significant effects of water
temperature on antibody formation in response to a single injection of
the causative agent of bacterial kidney disease. Rather, they indicate
that this bacterium is a considerably weaker antigen than A. salmonicida.

After the final blood samples were collected at the 90 day period, the

25 vaccinated and 25 control fish in each temperature group from 39 to

59 F received a single intraperitoneal injection of about 9 x 108 living
kidney disease bacteria. This challenge was intended to provide information
concerning the degree of protection existing in the vaccinated fish held

at the various temperatures. However this phase of the experiment was
unsuccessful, as only 20 of the 250 fish that were injected with the living
organisms succumbed within an observation period of 120 days. Eight of

the 20 were from vaccinated groups and the remainder were controls.
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SECTION IX

EFFECT OF WATER TEMPERATURE ON THE IMMUNE RESPONSE OF COHO SALMON

TO ORAL VACCINATION WITH A KILLED VIBRIO ANGUILLARUM BACTERIN

Materials and Methods

The Vibrio anguillarum strain used in these experiments was isolated
from coho salmon which died at Lint Slough, Waldport, Oregon, and was
maintained on Cytophaga Sea water agar (Pacha and Ordal, 1967) at 4 C.
Ten ml of tryptic soy broth were inoculated from a stock culture and
incubated at 25 C for 12 hours. Two ml of this culture were then used to
inoculate each of two one liter volumes of the same medium, which were
also incubated for 12 hours. The resulting two liters of culture then
served as the inoculum for a 30 liter volume of the same broth in a
fermentor. After an incubation period of 10 to 12 hours, 500 ml of a 20%
dextrose solution was added, and incubation continued for an additional
12 hours. Sufficient formalin was then added to give a final concentration
of 0.3% formaldehyde. After one hour the cells were harvested in a
Sharples continuous flow centrifuge, and the wet packed killed whole
cells were frozen and stored at -26 C. For the oral immunization of fish
the wet packed cells, after thawing, were incorporated in the Oregon
Moist Pellet diet (8) in the proper proportion to give a final concen-
tration of 2 mg of vaccine per gm of the ration.

Juvenile coho salmon were used in oral vaccination experiments. In the
first experiment their average weight was 6.5 grams, and in a subsequent
experiment smaller fish averaging 3.3 grams were used. Seven experimental
water temperatures varying from 39 to 69 F at increments of 5 F were
employed in the experiments. One or two groups of 75 to 100 fish were
established at each of the seven temperatures, and the animals were
gradually adjusted or tempered to their respective temperature levels by
the method described in Section V.
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Experimental Phase

When the tempering process was completed, oral immunization was begun.

For a 15 day period, all groups of fish were fed Oregon Moist Pellet

diet containing 2 mg of the wet whole cell vaccine per gram of ration.

The diet was fed ad libitum, and because metabolism varies with temperature,
the different groups of fish consumed varying amounts of the vaccine.

The following table shows the amounts consumed by 100 fish averaging 6.5
grams in weight.

Table 14. Amount of diet and vaccine consumed in 15 days by groups of
100 coho salmon averaging 6.5 grams in weight, held at
selected water temperatures.

Temperature at which Total grams of Total milligrams of
fish were held diet consumed vaccine consumed
39 F 157 314
44 F 264 528
49 F 357 714
54 F 366 732
59 F 490 ag8o
64 F 450 900
69 ¥ 473 846

In the experiment with 3.3 gram fish, the amounts of diet and vaccine
consumed were of course considerably smaller, but were influenced by
temperature in a similar manner. During the immunization period a group
of control fish were maintained on the same diet without vaccine at 54 F,

After the 15 day vaccination period all groups of fish were tempered
back to 54 F. Water temperatures were changed by steps of 5 degrees F
and fish were held at the new temperature for 48 hours before the next
change was made. Thus tempering required a week for some groups. In the
first experiment where 6.5 grams fish were used, after all the fish had
been tempered back to 54 F they were held at this temperature for one
week before being challenged by exposure to water containing virulent
V. anguillarum. This was accomplished by transferring the fish to a
salt water rearing impoundment at Lint Slough on the Oregon Coast. At
this facility groups of the vaccinated fish were held in fiberglass
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tanks one meter in diameter, supplied with salt water (about 3 gal.

per min.) from the Slough. Vibrio anguillarum is constantly present in
this water, and vibriosis reaches epizootic proportions among resident
salmonids in the warmer months when water temperature rises above 54 F.
The groups of vaccinated fish were held in the salt water at temperatures
favorable for the progress of the disease (51 to 66 F) for 20 days.
During this period fish that died were autopsied and cultures prepared

by inoculating kidney tissue on brain heart infusion agar. Colonies that
developed were examined by Gram stain and those that resembled V.
anguillarum were confirmed by slide agglutination with specific antiserum.

The results of the first experiment are presented in Table 15. Very few
deaths occurred in most of the vaccinated groups and in four of the
seven groups, no deaths were shown to be due to vibriosis.

Among the unvaccinated controls, 44% died and 377 succumbed to infection
with V. anguillarum. The degree of protection estabiished by vaccination
was not influenced by the water temperatures at which the fish were
vaccinated. Those vaccinated at 39 F were protected just as well as the
animals vaccinated at 69 F and in all groups vaccination was highly
effective.

Additional data relating possible effects of water temperature on immuni-
zation was provided by two parallel experiments similar to the one described
above but carried out concurrently. In these experiments the available

coho salmon were smaller than those in the first experiment, having a

mean weight of 3.3 grams. A further modification was made in the temperature
at which the fish were held after vaccination. In the first experiment

the fish were tempered back to 54 F and then held at that temperature for

a week before being exposed to the infection in Lint Slough. In the
subsequent pair of experiments, after completion of the 15 day vaccination
period, each vaccinated group was held at its respective experimental
temperature for one week before being tempered back to 54 F. The intent

of this modification was to provide a scmewhat longer period during which
the various water temperatures might exert an effect on the immunization
process. An experiment modified in this wey might be more likely to reveal
possible effects of temperature on immunization.

Except for the changes noted, the two parallel experiments were carried
out in the same manner as the first one. The results obtained are shown
in Table 16, Again, immunization was found to be highly effective at all
experimental water temperatures. A small number of deaths from vibriosis
occurred in the 39 and 44 F groups, compared with none in the 69 and

64 F groups, but the numbers are much too small to be significant.

Thus the results confirm those in the first experiment and justify the
conclusion that oral immunization of juvenile ccho salmon with this

V. anguillarum vaccine can be carried out effectively at any water
temperatures in the range of 39 to 69 F.
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Discussion

The results of these experiments indicating that oral immunization of

coho salmon with V. anguillarum vaccine is as effective at 39 or 44 F

as at 59 to 69 ¥, on first consideration seem to conflict with the data
reported in Section VIII concerning the effect of water temperature on

the antibody response of coho salmon to an injection of killed cells

of A. salmonicida. In the latter system water temperatures of 59 and 69 F
were found to be optimal for antibody production. At these temperatures
maximum levels of antibody were found after 45 days, while at 39 F very
little antibody was present at this time. However, upon closer scrutiny,
certain differences are evident in the two systems which may help to account
for the apparent conflict in results. Perhaps the most important is the
fact that in the A. salmonicida experiment, agglutinating antibody
circulating in the blood was being measured, while in the oral immunization
experiments with the vibrio vaccine, no agglutinating antibody was found

in the blood. The mechanism by which oral immunity is produced has not

yet been clarified. It could be due to formation of a secretory antibody
localized in the intestinal tract, or possibly to a circulating antibody
that is unable to cause agglutination but may cause lysis of the bacteria.
Finally it might be a cellular type of immunity not associated with any
antibody activity.

Since immunity against vibriosis does not require the presence of agglutina-
ting antibody in the circulation, the effect of water temperature could

well be different from its effect on agglutinating antibody for A,
salmonicida. Another difference between the two systems that could influence
the results lies in the fact that in the A. salmonicida experiment it

was possible to maintain the fish at their respective temperatures
throughout the entite experimental period, while in the V. anguillarum
experiments it was necessary to temper the immunized fish back to 54 F
before they could be transferred to the water of Lint Slough for

challenge. This process required a week for some groups and it is possible
that this brief period of exposure to warmer water could have enhanced

the degree of immunity in the groups held at the lower temperatures.

In the pair of experiments carried out concurrently this difficulty

was minimized but was not eliminated entirely.

The data indicating the non-critical nature of water temperature in the
range of 39 to 69 F in the process of immunization of juvenile salmon
against vibriosis is also of some practical importance. This disease
constitutes a serious threat to the success of marine aquaculture projects.
An oral vaccine of the type described has now been tested rather extensively
under controlled conditions and found to uniformly give a high degree

of protection against the disease (9). The practical application of such

a vaccine will be facilitated by the knowledge that it can be used
effectively over a rather wide range of water temperatures.
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APPENDICES
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PROBLEM

I-D-COL~1

ANALYSIS OF VARIANCE FOR PMORT

LINE SOURCE OF VARIATIOK DF MEAN SQUARE F
E 1) TEMP 7 5.04392E 03 325,42
2) EXPTYPE 1 7.81250E 03  504.03
( 3) TEMPSEXPTYPE 7 1,68564E 03 108,75
( 4) ERROR 16 1,55000E 01
TOTAL 31
SOURCE MEANS
TYPE
( 1) ( 2)
45,75000 1450000
TEMP
( 1) ( 2) ( 3) ( 4 )
100,000 51,000 51,000 28,000
( 5) ( 6) ( 7) ( 8 )
10,000 0 1,000 0
TYPE X TEMP (TEMP VARIES MOST REPIDLY. )
100,000 100,000 92,000 56,000
16,000 0 2,000 0
100,000 2,000 10,000 0
4,000 0 0 0

Analysis of Final Percent Mortality Data

in Text Table + Columnaris Disease
in Steelhead Trout.

Least significant difference 8,21%
for P = 0,05

Least significant difference 11.31%
for P = 0,01
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SNAME, T SXOTYOC, 4 TEMP, 6 3,7 £y 4 PMOKT

$IET, A=t 73)1*11 0,
SORDFR’“, ’,’3’ (Q, 3)

$ANOVA, 4,3
SAVTARLY, 8

ANALYSTS GF V
LINE SauRc:
(1) Trme
(  2) EXPTY2E
€ 3) TEMPe:x
&) TR
TnTAL

TINTERMEANS y 344, 3%,

EXPTYPS

TR mm M
ORI SO
b et D et b

VALYS
3.,2003023° 01
CON
FXP
5., 5000030€ I
CON
FXP
4,93001000F 7t
CON
£XP
S.4N0000% 21
CON
fxp
5.900000F 31
0N
Exp

6.400900F g1

CON
Eyn

ANCE FQR PMCRT
VARTATION JF
5
1
TVPF 6
14
27
Frta ™MEAN CF PMOPT
14 5.962733E-01
14 DeIGWO24F I}
FIFQ MFAN OF PMO°T
4 J.223¢684F N1
'y be773C13F 01
L 5.000000L 91
4 S.00N000€ 01
4 3.893090F 01
N 2.0L5L55F N1
4 6.72877 8% 19
FPE£Q MEAN QF PMCORT
2 0E 0U
2 Helily 73625 N1
2 2.0300103° 00
2 9,3 7326 01
2 24173912% 04
2 9,732hA909% J1
2 NE 0N
? 1.000000E 02
4 af 0y
2 7.,£300170F 91
2 ns 00
2 4.093909c N1
2 £ 00
? 1.345756¢ 01
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Mnalysis of Final Percent Mortality
Data in Text Table . Kidney
Disease in Coho Salmon.

Least significant difference 20,18%
for P= 0.05.

Least significant difference 28,01%
for P=0,01.



$VAR,10
SNOMINAL,1,3

SREAD,®*STETKL1,1-~7

SNAME,3 EXPTYPE, e TEMPy6 3,7 Cy8 PMORT

$SET,8=(C/31*100.
$OWER 9y 398y (4, 3)

SANOVA, by 3
SAVTABLE, 8

ANALYSIS OF ¥

LINE  “Soulc:

(1) TEMP

{ 2) EXPry?

{ 3) TEMPS:

€ &) ERROR
TOTAL

SINTERMEANS 33,04y 3%

EXPTYPE
VALUF
EON
XP
TEMP
VALUE
3.900000€ 0Ot
u.bOBSOOE %1
%.900000E Ot
5.300000E 0Ot
5.900000E 01
6.400000E 91
6.300000E 01
TEMP
EXPTYPE
VALUE
3.900000E 01
CON
EXP
4.400000E 01t
CON
EXP
%.900000E 0%
CON
EXP
S«%00000E 01
CON
EXP
5.900000E 0t
CON
EXP
6.400000F 01
CON
EXP
6.300000E 01
CON
EXP
SEND

FREQ
14
1y

FREQ M
4
[N
PA
A
4
Py
A

FREQ

2

2

2

2

2

2

2

2
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A b b e ph b

MEAN OF PMCRT
0F
3.452632F
0E
9,800000F
0E
9. Clibl4E

777472

00 OO0 Oo OO oo

4,90740

&
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n
v
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wn
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anuzgaunof F
1.06224F 32
2.29393F 4 23:%8
1.16224% 02 4§b.eo
S.10764F 01

Analysis of Final Percent Mortality
Data in Text Table // + Kidney
Disease in Steelhead Trout.

Least significant difference 15.33%
for P= 0,05

Least significant difference 21.28%
for P = 0,01



ANALYSIS OF DAILY MORTALITY DATA USED IN COMPUTING MEAN
VALUES SHOWN IN TEXT FIG. / . A. SALMONICIDA IN CHINOOK

SALMON
*SIPS LOG UNITS: 127167174 2152 PM
$VAR,3
$READ,*CHINS21,1-2

$SET,3=LN(2)

$NAME,1 TEMP,2 DAYS,3 LNDAYS

$SCATTER, TEMP , LNDAYS
D OF X3

LOWER BOUN 3.90000E 01
UPPER BOUND OF X3 7.20000€ 01
LOWER 30UND OF Y13 BE 00
UPPER BOUND OF Yt 2.70805E 00
CORRFLATION COEFFICIENT = -0, 8606855

i i 1 1

b1 : ) 1 2

| i b
1 3 1

§E 2 6 2 1
: S
o
(3
g; i * 3

. 1 L
S
gz i
aocoooowwmooo-ooo.onooooooo
SREGRESS,yLNDAYS ON TEMP
LNDAYS = 1.,4134LE+00

$ADD,y TEMP
LNDAYS = 5.,4010E+00 -6, 4EL13E-02 TEMP

$ AVTABLE

ANALYSIS OF VARIANCE TABLE

SOURCE OF SUM OF SQUARES MEAN SGUARE
TOTAL 108 4.99565192F 01% 4.62560363E-01
REGRESSION 1 3.70067652€E 01 3.70067652€E 01
RESIDUAL 107 1.29497539E 0% 1.21025738E-01

R SQUARED = «74077950
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ANALYSIS OF DAILY MORTALITY DATA USED IN COMPUTING MEAN

VALUES SHOWN IN TEXT FIG. & . A. SAIMONICIDA IN STEELHEAD
TROUT .

*SIPS LOG UNIT® 12/17/74 11143 AV
$VAR,3
$READ,*STEES21,1=2
$SET,3=LN(2)
$NAME,1 TEMP,2 CAYS,3 LNDAYS
$SCATTER, TEMP ,LNDAYS
UND 0f X3

LCWER EO 3.90000E 01

UPPFR BOUND OF X3 7.400C0F 01

LCWER SOUND OF Y3 6.93147E-01

UFPFR 30UND OF T3 3.3€730F 00

CCRRELATION COEFFICIENT = =C.763%207

. 1 1

]si 1 1

. 2

. 3

. 1
= 1
o 1
2, % 2 1 )
EE . % 1
% . :

’'4
=0 (3 5 A
o.
~ 2 5 * 8
2
. 9 *

EOOOOMWOOOCOIOOCQOOOOOO .O’.l................'.

$REGRESS,LNDAYS ON TEMP
LNDAYS = 1.4698E+00

$ADD, TENP

LNDAYS = 6.0565E+00 -7.0€90E=-02 TEMF
tAVTABLE

ANALYSIS OF VARIANCE TAALE
SCURCE BF SUM of SeLARES MEAN SCUARE
TOTAL 95 5.27163243¢ 04 5.54887624F-01
REGRESSION 1 3.07305437¢ 01 3.(7305437€ 01
RESIDUAL 94 2.19£837806€ 01 2.33870007E-04
R SQUARED = «5829€382
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ANALYSIS OF DAILY MORTALITY DATA USED IN COMPUTING MEAN
VALUES SHOWN IN TEXT FIG. 3 A. LIQUEFACIENS IN COHO SALMON.
#ST23 LO5 UNITe 01707775 1317 PM

TREAN,*COROL21,1-2

SAPPTMND,*3OHIL22,41-2

FSET, 2=LN(2)

$SCATTIR, T-M2,LNDAYS
LOWER 7QIN) JF x1 4,99000% ©1
UPPEF 30Ul JF X3 7.40000E 01
LOWER aANuUND 3¢ Y3 gf Q90
UPPFR 30UMT 3F Y2 24890237F 10
CORRFLATION SOFFICTENT = =-0.701064998
i 1
>
2 1
3 ! 1
D
EEI 1 £ 3
Q, 2
Et 5} 5 2
2
5 3 x A
=
5. v . »
2
5, » ® ) [
.‘..Wm.lll.!!'."!"'. .O..".'...‘.‘..‘.'.‘..

FREGRFSS, LNIAYS ON TFVP
LNDAYS = 4.7780E-01

$ADN, TTM>

LNDAYS = 5,4522E400 ~7.5300E=-02 TEMP
$AVTANLFE

ANALYSIS OF VARIANCE TA3LCE

SOURCF JF sSum OF SQUARES MEAN SQUARES
TOTAL 109 1.575087373F 02 $«09737792E-01
REGRESSIIN i 7.75546795F N1 7.75546795€ 01
RESTIDUAL 338 7«995429384E D1 2¢59591878E£=01

R SQUAREN = «492382¢€0
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ANALYSIS OF DAILY MORTALITY DATA USED IN COMPUTING MEAN
VALUES SHOWN IN TEXT FIG. . COLUMNARIS DISEASE IN
STEELHEAD TROUT.

. 3 3
0l 2
1. 3 3
ol 1
ol 3
ol
02 1
io
&1 5 1
ao
=
oo 3 1
& 9 » 2
>
el 3 . *
g
o
z.
§ » »
0000000000000 0000OCRCCROGIOIBONNODS .0..%{0}&...0.... [ RN X N ] ) L ]
REGRESS, LOG NO. OF DAYS ON TEMP
LOG NO., OF DAYS = 3,5715E = 01
$ ADD, TEMP
LOG NO. OF DAYS = 3,6361E+ 00 ~4e9044E - 02 TEMP
ANALYSIS OF VARIANCE TABIE
SOURCE DF SUM OF SQUARES MEAN SQUARE
TOTAL 181 2,60560919E 01 1,43956309E ~01
REGRESSION 1 1,50676135E 01 1,50676135E =01
RESIDUAL 180 1,09884783E 01 6.10471017E -02

R SQUARED = 57827604
CORRBLATION COEFFICIENT = - 0,7604
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ANALYSIS OF DAILY MORTA DATA USED IN COMPUTING MRAN
VALUES SHOWN IN TEXT FIG. o . KIDNEY DISEASE IN COHO SALMON.

¥GTPS LO5 UNITSE 21/07/75% 12350 PM

BSCATTIR, T-42,LMNOAVT
LOWER 72JUNY IF X1t
UPPER 30N) JF Xt
LOWER OUN) F Y
uPesp 30JN)Y JF Y

CCORPFLATTOIN SOrFFICIIN

20 oo
®* ® & ©
(S Ve ]
[0 ) B0 T =¥ =)
N
==} E~NOoD
e N T
Tnmna
D DOrers

O LOOW

"
[}

I
-
ol
W

3.
n
1
[N
T

L)
~
£

| NN &
- n

[l

(¥

N PN & kN

NETI B KNy

G VU0 RN
MNIE &N s r
S I Y e i
1)

—
-

OOOOOOOOWWUBEOQIOOCOOQ0.0?‘.%...0.......0'00.

FREGRES S, LNJIAY. (N Trmp
LNNDAYS = 7,3302( ¢°0
$ADD, TFMP

. IN ¥Q..QF.DAYS TQ DEATH =

LNDAYS = 5,3019F+00 “4.8024E=-02 TFEMP
SAVTAQLE

ANALYSTS OF VARIANCF TAJLE

A T S e L

REGRESSIIN b Se16152565% 01 3.16152%65F 01

RESTCUAL 216 2.4640L1972F 01 1e14023505F =0}
R SQUARED = +5 6195456
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ANALYSIS OF DAILY MOKTALITY DATA USED IN COMPUTING .EAN
VALUES SHOWN IN TEXT FIG. ‘7 . KIDNEY DISEASE IN STEELHEAD

TROUT .
SCATTER, TLME4LNCAYS
ECwEQ hRote Ratls T.90000F 1
UPFER BOUNC CF X1t €.20000° (1
LCREX UZUNE CF vt 1,94G51% )
UFBER BCUNT CF Y he€5$IEE (0
CCRPELATICN COFFFIGIENT = -0,7927231
NUNMICR CF MISSING CUSERVATICNS = 11
6
2 4 1
4 & 3 1
2 1 1
K 3
3 1 2 1
4 3 1
4 2
't 3 1
2 3 z
1 2 5 1
1 3 7 2
2
2 1 1
1
1

N NQ.,QF . DAY] TQ PRATH -7

N 2 T
EREGRESS,LNCAYS CN TFMF

LNCAYS = 3.71236+4CC

3ACT, TEMP

LNCAYS = €.6K57F+3¢C =5.8337F-02 TEMP
tAyTARLT

ANALYSTIS CF VORIANCE TABLFE

13 HEPE N M DI TR o T WY 1Y 3] EEY

REGCRESSION 1 2.043C3€ 0" 01 2.04339606F C1

RESIOUAL 103 1.20A56940% 01 1.1733632%2€F-01
X STUASFR = €2842582
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ANALYSIS OF THE REPLICATE ANTIBODY TITERS IN APPENDIX TABLE A TO DETERMINE
THE LEAST SIGNIFICANT DIFFERENCE BETWEEN MEAN ANTIBODY TITERS IN
TEXT TABLE 12 AND FIG. 8

Twenty nine sets of 5 replicate antibody titers from appendix Table A were
selected for the analysis. Fifteen represented serum samples from vaccinated
fish and 14 were titers from unvaccinated controls. The 15 sets of data from
vaccinated fish included those showing the greatest degrees of variation
among the 5 replicates in each set.

All of the titers were first transformed to log; values, and the mean of
each set of 5 replicates was determined. Deviations from the mean were
then calculated for each value in each set; each deviation was then squared
and the sum of all these squares determined.
Sum of squares of deviations from mean values = 32,9823
Divisor (sum of degrees of freedom) or (5-1) x 29 = 116

32.9823

Variance = —-iig-—-= 0.28433

Estimated standard deviation = }0.28433 0.53322

1 2
Standard error of difference 0.53322 _ 0.53322 _
between means ( 5 '>x 2 = 5.93606 X 1.414 = 0.33718

With 116 degrees of freedom and P = 0.05, t = 2.0
Least significant difference = 2.0 x 0.33718 = 0.67436 = log10 of 4.73

Hence 2 mean titer values in test Table 12 must differ by 0.67436 log units,
or 4.73 fold to be considered significantly different.
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